Rationale: The (pro)renin receptor [(P)RR], encoded in ATP6AP2, plays a key role in the activation of local renin-angiotensin system (RAS). A truncated form of (P)RR, termed M8.9, was also found to be associated with the vacuolar H ؉ -ATPase (V-ATPase), implicating a non-RAS-related function of ATP6AP2. Objective: We investigated the role of (P)RR/ATP6AP2 in murine cardiomyocytes. Methods and Results: Cardiomyocyte-specific ablation of Atp6ap2 resulted in lethal heart failure; the cardiomyocytes contained RAB7-and lysosomal-associated membrane protein 2 (LAMP2)-positive multivesicular vacuoles, especially in the perinuclear regions. The myofibrils and mitochondria remained at the cell periphery. Cardiomyocyte death was accompanied by numerous autophagic vacuoles that contained undigested cellular constituents, as a result of impaired autophagic degradation. Notably, ablation of Atp6ap2 selectively suppressed expression of the V O subunits of V-ATPase, resulting in deacidification of the intracellular vesicles. Furthermore, the inhibition of intracellular acidification by treatment with bafilomycin A1 or chloroquine reproduced the phenotype observed for the (P)RR/ATP6AP2-deficient cardiomyocytes. Conclusions: Genetic ablation of Atp6ap2 created a loss-of-function model for V-ATPase. The gene product of ATP6AP2 is considered to act as in 2 ways: (1) as (P)RR, exerting a RAS-related function; and (2) as the V-ATPase-associated protein, exerting a non-RAS-related function that is essential for cell survival. (Circ Res. 2010;107:30-34.)
ular functions were severely impaired on postnatal day (PD)18 (fractional shortening, 12.87Ϯ4.73% versus 27.69Ϯ0.58% for CKO versus control; nϭ3; PϽ0.05) (Figure 1d , Online Video I). The CKO mice showed significantly increased ratios of heart weight-to-body weight beginning on PD14 (Figure 1e ). The levels of cardiac stress markers, including atrial natriuretic peptide, brain natriuretic peptide, ␣-skeletal actin, connective tissue growth factor, and monocyte chemoattractant protein-1, were increased as early as PD10 (Figure 1f ). Histological examination of the CKO mice on PD18 revealed that clusters of degenerating cardiomyocytes with extensive vacuolation, especially in the perinuclear region, were embedded in areas of replacement fibrosis (Figure 2a and 2b) . Electron microscopic examination of the CKO cardiomyocytes revealed perinuclear accumulations of numerous multivesicular vacuoles (Figure 2c and 2d) . The myofibrils and mitochondria were located exclusively at the cell periphery. In addition, we observed large, electron-dense autophagic vacuoles that contained partially digested or undigested cellular constituents, such as mitochondria and aberrant vacuoles, scattered in the field of cell debris around the perinuclear region (Online Figure III) . The accumulation of microtubule-associated protein 1 light chain 3 (LC3)-II (a phosphatidylethanolamine conjugate) and p62/SQSTM1, as well as the induction of genes in response to amino acid starvation (eg, the genes for asparagine synthetase, activating transcription factor 4, and C/EBP homologous protein) reflected defective autophagic protein degradation in the CKO mice (Figure 2e and 2f).
To examine the underlying cellular mechanism responsible for cardiac death, we examined the role of the ATP6AP2 protein in the function of V-ATPase, which maintains a Figure 3b ). V-ATPase is a large multisubunit complex that is organized into the V 1 and V O sectors. In mammals, the V 1 sector is composed of 8 different subunits (A through H), whereas the V O sector contains 6 different subunits (a, c, cЈЈ, d, e, and the accessory subunit Ac45 6 ) ( Figure 3a) . Western blot and immunohistochemical analyses revealed that the levels of subunits a1, a2, a3, and c were significantly decreased in the floxed MEFs after Ad-Cre infection, as compared with the WT MEFs (Figure 3b and 3c ). In contrast, the level of V 1 subunit E2 was unaffected. Consistent with these findings, LysoTracker staining revealed that the loss of ATP6AP2 was accompanied by impaired vesicular acidification ( Figure 3c ). Taken together, these findings suggest that genetic ablation of ATP6AP2 selectively affects the stability and assembly of the V O subunits, thereby compromising vesicular acidification. Consistent with the findings observed for cultured cells, ATP6AP2-depleted hearts revealed that the characteristic perinuclear vacuoles in the cardiomyocytes were positive for late endosomal/lysosomal markers RAB7 and/or LAMP2 (Figure 3d ). The levels of the c-subunit of the V O sector but not the E2 subunit of the V1 sector markedly reduced in the CKO cardiomyocytes.
Non-standard Abbreviations and Acronyms
To investigate whether disruption of intracellular acidification accounts for the phenotype of the ATP6AP2-deficient cardiomyocytes, we treated cultured cardiomyocytes with bafilomycin A1 or chloroquine. Sequential time-lapse microscopic analysis revealed that intracellular vacuoles accumulated over time (Figure 4 ; Online Video II). These vacuoles were positive for RAB7 ( Figure 4 ). Interestingly, Atp6ap2 mRNA expression in the cultured cardiomyocytes was strikingly upregulated after treatment with either bafilomycin A1 or chloroquine (Online Figure V) .
The biogenesis of the multisubunit complex of V-ATPase requires the coordinated association of V 1 subunits, which are synthesized in the cytosol, with V O subunits, which are targeted to the vacuolar membrane. Studies in yeast cells have shown that the loss of a V 1 subunit has little effect on the stability of the remaining V 1 subunit, whereas the loss of any single V O subunit affects the stability and assembly of the remaining V O subunits. In yeast, several additional genes (Vma12p, Vma21p, and Vma22p) that are required for V-ATPase assembly have been identified. 7 The V O subunits were detected at greatly reduced levels in the mutant cells that lacked these assembly factors, an effect that is similar to that observed after the loss of a V O subunit. 8 Interestingly, there is no known yeast homolog of the mammalian ATP6AP2. It is possible that ATP6AP2 is an assembly chaperone of V-ATPase, representing a function that is unique to mammals. An alternative scenario is that ATP6AP2 is a component of the V O sector itself rather than an assembling factor. Atp6ap2 mRNA expression was upregulated in cells that were treated with bafilomycin A1 or chloroquine, which suggests that ATP6AP2 senses the acidity levels of the intracellular compartments and accordingly regulates V-ATPase activity. In conclusion, the gene product of Atp6ap2 is considered to act in 2 ways: (1) as (P)RR, exerting an RAS-related function 9 ; and (2) as the V-ATPase-associated protein, exerting a non-RAS-related function that is essential for cell survival. 10 The phenotypes observed after genetic ablation of (P)RR would require rescue experiments with the WT protein and with mutant proteins that lack the domain responsible for binding renin and prorenin.
